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Abstract.  Conventional geotechnical engineering soil binders such as ordinary cement or lime have
environmental issues in terms of sustainable development. Thus, environmentally friendly materials have attracted
considerable interest in modern geotechnical engineering. Microbial biopolymers are being actively developed in
order to improve geotechnical engineering properties such as aggregate stability, strength, and hydraulic conductivity
of various soil types. This study evaluates the geotechnical engineering shear behavior of sand treated with xanthan
gum biopolymer through laboratory direct shear testing. Xanthan gum-sand mixtures with various xanthan gum
content (percent to the mass of sand) and gel phases (initial, dried, and re-submerged) were considered. Xanthan gum
content of 1.0% sufficiently improves the inter-particle cohesion of cohesionless sands 3.8 times and more (up to 14
times for dried state) than in the untreated (natural) condition, regardless of the xanthan gum gel condition. In general,
the strength of xanthan gum-treated sand shows dependency with the rheology and phase of xanthan gum gels in
inter-granular pores, which decreases in order as dried (biofilm state), initial (uniform hydrogel), and re-submerged
(swollen hydrogel after drying) states. As xanthan gum hydrogels are pseudo-plastic, both inter-particle friction angle
and cohesion of xanthan gum-treated sand decrease with water adsorbed swelling at large strain levels. However, for
2% xanthan gum-treated sands, the re-submerged state shows a higher strength than the initial state due to the gradual
and non-uniform swelling behavior of highly concentrated biofilms.
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1. Introduction

In geotechnical engineering, soil treatment for strength improvement is an essential prerequisite
for most construction and building practices. Deep mixing, using cement or lime, is a commonly
applied method in various ground improvement implementations to enhance foundation stabiliza-
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tion (Shooshpasha and Shirvani 2015) and to prevent in-situ soil erosions (Broms and Boman
1975). Deep mixing can be classified into DCM (Deep Cement Mixing) and DLM (Deep Lime
Mixing) methods according to the main binder material used. Since the DCM method was
developed in the 1960s, DCM has been widely applied in various inland and offshore
constructions due to its advanced field machinery equipment and cumulated experiences on in-situ
operation and quality control (Horpibulsk et al. 2011, Lin and Wong 1999). As a result, DCM
constructions have rapidly increased, with 2004 showing some 55 million m* of accumulated soil
treatment around the world, and approximately 17.6 million m® in Korea alone (Druss 2005).

DLM is more common than DCM in Europe. In Finland and Sweden, DLM is actively
performed by improving more than 300,000 m® of ground every year (Bergado 1996). In the
U.S.A., DLM is mainly applied in highway construction sites by treating more than 500,000 m® of
soil per annum (Ahn 2010, Jeong et al. 2009). When lime is mixed with soil via DLM construction,
the calcium hydroxide (Ca(OH),) in lime causes slaking and flocculation (Boardman et al. 2001,
Larsson et al. 2009). However, the formation of ettringite (CasAl,(SO4)3(OH)1226H,0) via lime
hydration increases the soil pH, which disrupts vegetation growth in soil and accelerates land
degradation (Havlica and Sahu 1992, Malekpoor and Poorebrahim 2014).

Among several environmental concerns of DCM and DLM ground improvement methods,
greenhouse gas emission related to the use of conventional binders (especially ordinary cement)
has become a serious threat to the global environment (Chang et al. 2016b). In particular, CO,
emission related to cement production and utilization is reported to occupy 7~8% of the entire
global CO, emissions (Chang et al. 2016b, 2015b). The U.S. Energy Information Administration
notes that 61 million tons of CO, emission can be reduced if 10% of cement usage in the
construction field is replaced with alternative materials (Choate 2003, U.S. Energy Information
Administration 2015).

Thus, the development of environmentally friendly, geotechnical construction material is
necessary with respect to sustainable geotechnical engineering (Chang et al. 2016b, 2015d).
Recently, microbial biopolymers (high molecular polysaccharides produced by microbes) have
been introduced and trialed as new geotechnical engineering binders to reduce the usage of
conventional binders (Ayeldeen et al. 2016, Chang et al. 2016b). Biopolymer treatment shows a
higher strengthening efficiency and performance than concurrent microbial precipitation methods
such as MICP (microbial induced calcite precipitation) (Cole et al. 2012). Biopolymers show
remarkable strengthening due to the direct ionic bonding between biopolymers and fine particles
(Chang and Cho 2012, 2014, Chang et al. 2015a) or continuous biopolymer matrix formation
between coarse particles (Chang et al. 2016a, C2015c, Ham et al. 2016). Moreover, biopolymer
application is expected to decrease the CO, emission related to the construction industry due to the
reduction of cement usage and carbon fixation via biopolymer production (Chang and Cho 2012,
Chang et al. 2016b).

Gel-type xanthan gum biopolymer is one example of a biopolymer that shows strong potential
for practical implementation due to its sufficient strengthening (Ayeldeen et al. 2016, Chang et al.
2015a, Nugent et al. 2009) and good economic feasibility based on mass commercialization
(Casas et al. 2000, Chang et al. 2015b). In this study, the geotechnical engineering shear behavior
of xanthan gum-treated sand is evaluated via laboratory direct shear testing. Xanthan gum-sand
mixtures with varied xanthan gum content (percent to the mass of sand) and gel phases (initial,
dried, and re-submerged) were considered in order to investigate the inter-particle interaction
between xanthan gum biopolymer and cohesionless sand based on peak and residual behavior
analyses.
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2. Materials and methods
2.1 Materials

2.1.1 Sand: Jumunjin standard sand

Jumunjin sand is used as the target cohesionless sand in this study. Jumunjin sand is a standard
sand in Korea, classified as SP due to its particle size distribution, as shown in Fig. 1. The detailed
representative basic soil properties of jumunjin sand are summarized in Table 1.

2.1.2 Xanthan Gum biopolymer

Xanthan gum is a polysaccharide created by Xanthomonas campestris bacteria, and is a
commonly used biopolymer in various industrial fields. Xanthan gum is a hetero-polysaccharide;
its structure consists of two glucoses, two mannoses, and one glucuronic acid (penta-saccharide).
Xanthan gum is an anionic biopolymer which easily adsorbs water molecules via hydrogen
bonding, and which mainly forms viscous hydrogels (Garcia et al. 2011). Thus, xanthan gum is
commonly used as fluid thickeners in the food industry and as an additive for drilling muds in the
mining and petroleum industries due to its significant viscosity increase in only a small amount
(Chang et al. 2015a). Moreover, xanthan gum has been suggested to be used in excavation slurries
for machinery tunneling such as slurry-shield TBM (Tunnel Boring Machnie) practices (Comba
and Sethi 2009).

2.1.3 Gypsum

Gypsum can be classified as gypsum dihydrate (CaSO42H,0), gypsum hemihydrate
(CaS0,4-1/2H,0), and anhydrous gypsum (CaSQ,). Ordinarily, the word gypsum refers to gypsum
hemihydrate. Gypsum hemihydrate is obtained by baking dihydrate, and anhydrous gypsum is
derived as a byproduct by baking gypsum hemihydrate. The gypsum used in this study is gypsum
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Fig. 1 Particle size distribution of jumunjin sand

Table 1 Basic geotechnical engineering properties of Jumunjin sand

Cy C. Emax min G USCS
1.94 1.09 0.89 0.64 2.65 SP
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hemihydrate, and its pure hydrated specimen shows approximately 7.4 MPa unconfined
compressive strength in the case of moist curing, while its strength increases up to 13.7 MPa in the
case of dry curing. The volumetric expansion strain via gypsum hydration is around 0.12%, which
becomes negligible when mixed with sandy soils.

2.2 Experimental methods

2.2.1 Specimens preparation

Pure (untreated) sand, xanthan gum-treated sand, and gypsum-treated sand specimens are used
for the experimental procedures in this study. Xanthan gum-treated sand specimens were prepared
with 0.5%, 1.0%, and 2.0% xanthan gum contents to the mass of sand. For references, untreated
pure sand and gypsum-treated sand specimens were prepared simultaneously.

Xanthan gum-treated sand specimens were prepared by mixing clean and dry sand with
xanthan gum solutions (hydrocolloids). Purified xanthan gum (Sigma-Aldrich®, CAS No. 11138-
66-2) was dissolved in distilled water at room temperature. According to the desired 20% initial
water content, and 0.5%, 1.0%, and 2.0% xanthan gum contents to the mass of sand, 2.5%, 5.0%,
and 10.0% xanthan gum solutions (xanthan gum content to the mass of water) were prepared
respectively. A laboratory magnet stirrer was used to provide uniform xanthan gum solutions.

After uniform dissolution, xanthan gum solutions were thoroughly mixed with dry sand.
Xanthan gum-sand mixture was poured and molded into a disk shape having dimensions of 60 mm
in diameter and 20 mm in height, to be appropriated for direct shear testing. The initial relative
density of the xanthan gum-treated specimens was controlled to be within a D, range of 0.85~0.89
via tapping, to minimize the effect of different particle composition on strengthening. The molded
xanthan gum-treated sand specimens were tested immediately without any drying to represent the
“Initial” state. Meanwhile, other xanthan gum-treated sand specimens were dried at room
temperature for 28 days to represent the “dried” condition, while half of the dried specimens were
submerged under distilled water at room temperature for 24 hours before performing direct shear
testing to represent the “re-submerged” condition.

For the gypsum-treated sand specimens, gypsum-treated sand specimens were carried out for
two cases with 10% and 20% gypsum-to-sand content, due to the typical range (5 to 10%) of
gypsum applied in geotechnical engineering practices (Bell 1996, Plank 2005, Sherwood 1993).
To match the same initial water content of the xanthan gum-treated sand specimens (20%),
gypsum pastes were prepared by mixing gypsum powder with distilled water at 200% and 100%
water-to-gypsum ratios (in mass). Then, the gypsum pastes were uniformly mixed with clean sand
and molded into a disk shape having identical dimensions (60 mm in diameter and 20 mm in
height) and initial relative density (D, = 0.85) values in accordance with those of xanthan gum-
treated specimens. Molded gypsum-treated sand specimens were cured at room temperature for 28
days before testing.

2.2.2 Direct shear testing

All disk shape (D 60 mm x H 20 mm) untreated, xanthan gum-treated, and gypsum-treated
sand samples were placed into a direct shear apparatus (Humboldt HM-2560A) with porous stones
placed above and beneath, and confined with 50, 100, 200, and 400 kPa vertical confinement
respectively via a pneumatic actuator until the vertical strain converged to a stable state before
applying horizontal shear. The shear box remained dry for initial and dried conditions, while it was
filled with distilled water for the re-submerged condition of the xanthan gum-treated sands. For the
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re-submerged condition, all xanthan gum-treated sand specimens were continuously saturated for
24 hours before shearing, which is regarded to induce full saturation (degree of saturation > 99%).
Vertical deformation due to the vertical confinement occurred instantly and finished within 5
minutes following load application. Thus, even though xanthan gum treatment provides artificial
cohesion to cohesionless sand, consolidation consideration becomes negligible due to the
immediate deformation behavior of xanthan gum-treated sands.

For each vertical confinement, horizontal shear was applied with a constant shear rate of 1.2
mm/min for 750 seconds to reach 25% horizontal shear deformation at maximum (ASTM D3080 /
D3080M-11 2011). These experiments are conducted for 7.5 minutes, until the horizontal
deformation becomes 15 mm. Horizontal load, vertical strain, and horizontal displacements were
obtained automatically via load cell (HM-2300.020) and LVDT (Linear Variable Differential
Transformer) (HM-14368, HM-14180) measurements. At least three different measurements were
performed and averaged to represent the peak shear strength (zyeax) and residual shear strength (zres)
values for each single condition.

3. Experimental results

3.1 Direct shear strength of Xanthan Gum-Treated Sand

Typical horizontal displacement (J)-direct shear stress (z) behaviors of untreated, xanthan gum-
treated, and gypsum-treated sands at dried condition are presented in Fig. 2. The peak shear
strength (zpeax) O the 20% gypsum-treated sand is noticeably higher than the others, and the 1%
and 2% xanthan gum-treated sands show a higher 7, than that of the 10% gypsum-treated sand,
which is even similar to the 7y Of the untreated sand (Fig. 2(a)). Moreover, the volumetric strain
(ey)-horizontal displacement () behavior of the untreated and 20% gypsum-treated sands shows
high dilation, while the 10% gypsum and xanthan gum-treated sands show lower dilatancy (Fig.
2(b)). This seems to be affected by the rigidity and continuity of cementitious materials in inter-
granular pore spaces. Although xanthan gum gels become thin and firm biofilms via dehydration,
the elastic stiffness and strength of ductile xanthan gum biofilms become extremely lower than
those of brittle hydrated gypsum.

Moreover, the experimental result implies that 10% gypsum treatment is insufficient to fully fill
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Fig. 2 Representative stress-strain relationship of xanthan / gypsum-treated sand
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Fig. 2 Continued

inter-granular pores to build a continuous hydrated gypsum matrix which 20% gypsum treatment
can form, and therefore shows low 7, Value. Thus, it can be concluded that the typical range of
lime mixing (around 10%) in practice is insufficient for improving the strength of cohesionless
sandy soils.

Fig. 2(c) shows typical =— curves of xanthan gum-treated sands with xanthan gum content
increase. Although the 0.5% xanthan gum-treated sand becomes less effective on strengthening
(Tpeak SiMilar to untreated sand), zpcax Values gradually increase as xanthan gum content increases to
1% and 2%. Meanwhile, the &~ curves of the xanthan gum-treated sands (Fig. 2(d)) show a lower
dilation than untreated sand, which seems to be affected by the ductility of the flexible biopolymer
films existing between the sand particles.

Fig. 2(e) and (f) presents =— and &9 relationships of the 2% xanthan gum-treated sand with
vertical confinement variation. Indeed, 7 increases with higher confinement due to stronger
interlocking between sand grains as well as sand grains and xanthan gum. Moreover, &—d curves
show that xanthan gum-treated soil turns out to be contractive with vertical confinement increase.

3.2 Direct shear behavior of Xanthan Gum-Treated Sand with gel phase variation

Fig. 3 presents typical =— and &,—¢ relationships of xanthan gum-treated sands with different
xanthan gum gel phases at initial (uniform hydrogel), dried (condensed biofilm), and re-submerged
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Fig. 3 Stress-strain relationship of xanthan-treated sand

(disturbed and swollen) conditions depending on the presence of water. Xanthan gum gels exist as
a uniform hydrogel at the initial state (A symbols in Fig. 3) right after mixing with sand, which
shows peak 7—d behaviors for 0.5% and 1.0% xanthan gum content, but residual — behavior for
2.0% xanthan gum content.

With drying, xanthan gum hydrogels dehydrate and form thin and firm biofilms between sand
grains with a larger portion of air in the voids (o symbols in Fig. 3). The dried xanthan gum-
treated sand shows peak dJ behavior, regardless of the xanthan gum content. The dried state
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shows a higher z,ea than the initial state except with 0.5% xanthan gum content. Moreover, both
initial (220 kPa) and dried (190 kPa) 7pca Values of 0.5% xanthan gum-treated sand are close to the
Tpeak OF UNtreated sand (190 kPa). This implies that 0.5% xanthan gum content becomes insufficient
to form continuous xanthan gum matrix inside soil, while xanthan gum contents higher than 1.0%
show significant strengthening at dried state with the formation of continuous inter-granular
Xanthan gum matrix.

When the dried xanthan gum-treated sand is re-submerged into water (¢ symbols in Fig. 3), the
condensed xanthan gum gels absorb water and swell due to their hydrophilicity resulting viscosity
(or stiffness) reduction. For 0.5% and 1.0% xanthan gum contents, the 7, Of the re-submerged
conditions is remarkably lower than the initial and dried conditions (Figs. 3(a) and (c)), while 2.0%
xanthan gum content shows a higher 7,4 for the re-submerged state rather than the initial state (Fig.
3(e)). The e differences between the initial and re-submerged conditions with different xanthan
gum contents implies the different conditions of the xanthan gum hydrogels.

For all xanthan gum-treated sand mixtures, the initial water content was restricted at 20%,
where initial gel concentration for the 0.5%, 1.0%, and 2.0% xanthan gum-treated sands were
2.5%, 5.0%, and 10.0%, respectively. Higher xanthan gum contents could render thicker xanthan
gum biofilms in the dried condition. Thus, the high re-submerged zyes Of the 2.0% xanthan gum-
treated sand seems to be a result of the gradual and incomplete swelling of xanthan gum gels,
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Fig. 4 Peak strength of xanthan gum-treated sand: (a) initial condition; (b) dry condition; (c) re-
submerged condition; and (d) gypsum-treated sand
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while 0.5% and 1.0% are expected to be completely swollen to weak hydrogels with lower
concentrations compared to their initial concentration (2.5% and 5.0%) due to the presence of
abundant water.

Fig. 4 presents the peak direct shear strength-vertical confinement (zeax-0v) Curves to obtain the
peak inter-particle cohesion (Cpeax) and friction angle (fpeax) Values of xanthan gum-treated sands at
initial, dried, and re-submerged conditions. 7, Values increase with xanthan gum content increase,
regardless of xanthan gum gel phase (water content), which is remarkable in initial and dry
conditions, while the re-submerged condition becomes less sensitive with xanthan gum content
variation.

Table 2 Peak behavior of xanthan gum-treated sand

Xanthan Gum Cohesion, Cpeax [KPa] Friction angle, @geax
content Initial Dry Re-submerged Initial Dry Re-submerged
0.0% 13.0 13.0 13.0 27.9 27.9 27.9
0.5% 34.3 160.6 155 315 32.1 32.0
1.0% 50.2 182.7 80.8 31.8 34.6 24.2
2.0% 92.6 218.4 107.2 325 38.4 22.4
250 (a)
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Fig. 5 Peak strength behavior of xanthan gum-treated sand: (a) cohesion; (b) friction angle
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3.3 Peak shear strength properties of Xanthan Gum-Treated Sand

Both the Cpeax and @peax Values of xanthan gum-treated sands are summarized in Fig. 5 and Table
2. Only a small amount of xanthan gum (0.5%) renders different Cpeax Values, while @geax Shows
similar values at 0.5% xanthan gum content, regardless of the xanthan gum gel phases. At the
initial condition, the presence of the xanthan gum gels increase Cpea, While @pea remains almost
constant with xanthan gum content increase. This implies the strengthening mechanism of xanthan
gum hydrogel to be mainly governed by the viscosity of xanthan gum gels for gel concentrations
higher than 2.5%, without any effects on inter-particle friction behavior such as interlocking. For
the dried condition, both the Cpeax @and ¢@peax increase significantly due to the formation of firm
xanthan gum biofilms via dehydration which are even higher than the 10% gypsum-treated sand
(Fig. 5(d)).

Meanwhile, for the re-submerged condition, Cyea Values are higher than those of the initial
condition, for 1.0% and 2.0% xanthan gum contents. Thus, the aforementioned gradual and
incomplete swelling behavior of xanthan gum gels (Section 3.2) seems to be also applicable for
1.0% xanthan gum content due to the higher cy for the re-submerged condition (Fig. 5(a)).
However, ¢y significantly decreases with xanthan gum increase for the re-submerged state (Fig.
5(b)), indicating a higher swelling pressure with higher xanthan gum contents which are attributed
to significant inter-particle mechanical interaction (e.g., surface friction, interlocking) reductions.
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Fig. 6 Residual strength of xanthan gum-treated sand; (a) initial condition, (b) dry condition, (c)
re-submerged condition, and (d) gypsum-treated sand
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3.4 Residual shear strength properties of Xanthan Gum-Treated Sand

Fig. 6 presents the residual direct shear strength-vertical confinement (z.es-0,) curves to obtain
residual inter-particle cohesion (Crs) and friction angle (¢rs) values of xanthan gum-treated sands
at initial, dried, and re-submerged conditions. Fig. 6 shows the z.s increase of sands via xanthan
gum treatment, regardless of the xanthan gum gel phases. For the dried condition, z.sincreases
with higher xanthan gum contents (Fig. 6(b)), while xanthan gum-treated sands at the initial state
show similar z., values, regardless of xanthan gum content (Fig. 6(a)).

Xanthan gum hydrogels at the initial state form a continuous xanthan gum matrix around sand
grains via ionic bonding at rest. For large strain motions, xanthan gum hydrogels can be crushed
into micro crumbs due to particle motions (e.g., shearing, rolling, and turning over). However, the
constant Cres and ¢yes Values regardless of xanthan gum content (Fig. 7) implies the possibility of
residual shear behavior to be affected by the van der Waals interaction (hydrogen bonding)
between discrete xanthan gum hydrogels inside inter-granular pores along the shear band.

The increase of both c.s and ¢y Of dried xanthan gum-treated sands seems to be attributed to
the interaction between sand grains and xanthan gum fragments (crushed but still ductile).
Moreover, the dried xanthan gum-treated sands show a higher 7, than those of 10% and 20%
gypsum-treated sands (Fig. 6(d)), which implies the remaining strengthening effect of ductile
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Fig. 7 Residual strength behavior of xanthan-treated sand: (a) cohesion; (b) friction angle
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Table 3 Residual behavior of xanthan gum-treated sand

Xanthan Gum Cohesion, s [kPa] Friction angle, dyes
content Initial Dry Re-submerged Initial Dry Re-submerged
0.0% 13.0 13.0 13.0 27.9 27.9 27.9
0.5% 40.2 27.2 28.7 27.2 28.3 24.7
1.0% 44.5 118.3 84.8 26.5 32.2 175
2.0% 43.3 140.2 99.9 29.3 375 17.9

xanthan gum biofilms, while the strengthening effect of brittle gypsum hydrates diminishes at
large shear strains.

The re-submerged xanthan gum-treated sand shows a Cres increase and ¢y.s decrease with higher
xanthan gum contents (Fig, 7), which is similar to the peak behavior of the re-submerged xanthan
gum-treated sands (Fig. 5). For the re-submerged condition, Cpeax and crs values show similar
values (Tables 2 and 3), which shows the swelling behavior of dried xanthan gum gels to be non-
uniform and independent to the level of strain (structural disturbance). Meanwhile, the notable @y
reduction of the re-submerged xanthan gum-treated sands can be explained with the pseudo-
plasticity of xanthan gum hydrogels acting as lubricants between sand grains due to the viscosity
reduction at high strain levels.

4. Discussion

Generally, the shear behavior of cohesionless sand is mainly governed by inter-particle friction
between sand grains (Das and Sobhan 2014, Mitchell and Soga 2005). Experimental results of this
study show artificial cohesion on cohesionless sands provided by a xanthan gum biopolymer
treatment. The friction angle variation of xanthan gum-treated soils show that xanthan gum
treatment becomes mainly effective on inter-particle cohesion, rather than particle composition and
structural alignment. Moreover, the artificial cohesion strongly depends on the phase of xanthan
gum gels, where dried state (condensed biofilms) provides the strongest inter-particle
strengthening. Meanwhile, xanthan gum-treated sand in the re-submerged condition has unique
behaviors showing higher Cyeax and Cres than those of the initial state, and considerable @peax and Pres
reduction with higher xanthan gum contents, while ¢g.ac and ¢ values of the initial state remain
almost constant. Details are discussed in the following sections.

4.1 Geotechnical engineering behavior of Xanthan Gum-Treated Sand
with gel phase (water content) variation

The different =—6 behavior between 0.5%, 1.0% (peak behavior) and 2.0 (residual behavior) for
xanthan gum-treated sands at the initial condition (Fig. 3) demonstrates the different inter-granular
structural composition of xanthan gum-treated sands. The peak =4 behavior of the 0.5% and 1.0%
xanthan gum-treated sands implies the inter-granular interaction between sand particles with 2.5%
and 5.0% xanthan gum hydrogels in pore spaces to be still dominant on shear behavior. However,
with 10.0% xanthan gum hydrogels in inter-granular pores, the high gel strength (viscosity) of
highly concentrated hydrogels seems to mainly resist against shearing. In detail, for high xanthan
gum hydrogel concentrations, the absolute strength (chemical bonding) of xanthan gum hydrogels
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govern the shear resistance, which results in shear behavior similar to cohesive clayey soils. This
indicates that the shear strength of xanthan gum-treated sand in the initial condition is mostly
affected by the absolute hydrogel strength (concentration), due to the lack of direct interaction
between xanthan gum hydrogels and electrically neutral sand grains (Chang et al. 2015a).

Meanwhile, when xanthan gum-treated sand is re-submerged in water, dried xanthan gum films
absorb water and swell back to hydrogels, rendering residual & behaviors regardless of xanthan
gum content (Fig. 3). However, 7, values of re-submerged conditions become lower zyes Values
at the initial state, except with 2.0% xanthan gum content. This refers to the distinctive swelling
behavior of dried xanthan gum through re-hydration, where xanthan gum elements gradually swell
and detach from the outside rim of the main biofilm body. For low xanthan gum contents, although
gradual swelling can fully disturb and disperse xanthan gum into hydrogels, higher xanthan gum
contents are expected to show remaining biofilm layers near sand particles with dispersed
hydrogel layers above. This can explain the higher Cyeaxand cres 0f the re-submerged xanthan gum-
treated sand at the initial state for 1.0% and 2.0% xanthan gum contents, respectively.

4.2 Conceptual model for shearing behavior of Xanthan Gum-Treated Sand

The xanthan gum-treated sand behavior according to the gel phase is represented in Fig. 8. The
experiments carried out are classified into three gel phase types—initial, dry, and re-submerged
conditions.

In general, the peak shear strength is notable, as the amount of inter-particle contact increases
in representative sand. Not only does the inter-particle adhesion between sand grains and xanthan
gum hydrogels affect the overall shear strength of xanthan gum-treated sands, but also does the
rheology (viscosity, shear strength) of xanthan gum hydrogels. With higher xanthan gum content,
although the inherent strength of xanthan gum hydrogels increases, the particle composition of
sand grains become loose due to the swelling of the xanthan gum hydrogels. However, the
hydrogen bonding between sand grains and xanthan gum hydrogels is significantly low where
xanthan gum hydrogels can easily detach (poor suspensibility) from the sand particle at both initial
and re-submerged conditions. Meanwhile, water content at the initial state is defined, while the re-
submerged state has no limitations except for the geometric space of the voids and the water
adsorbability of the xanthan gum. Thus, the peak shear strength of the xanthan gum-treated sand
becomes higher at the initial state rather than re-submerged states due to the thicker (i.e., high
xanthan to water content) xanthan gum hydrogels at the initial condition.

Xanthan gum hydrogels transfer to condensed biofilms through drying (dehydration). The
biofilm has a flexible and elastic feature, causing it to have a higher peak shear strength while
compacting the sand particles closer together (Chang et al. 2016a). Even in the residual state, the
cohesion and the friction angle is relatively high since there are some breaks in the xanthan gum
biofilm. Furthermore, the cohesion and the friction angle increase as the xanthan gum becomes
denser because of the xanthan gum fragments.

A biofilm which absorbs water becomes a hydrogel again. However, the main difference
between the initial state and the re-submerged state is whether the absorption water amount is
limited or not. The hydrogel in the initial state is made by mixing with a fixed amount of water. By
comparison, a hydrogel in a re-submerged state can absorb water to its limit. It results in hydrogel
swelling, and the inter-particle interaction is diminished because of the swelling pressure. As a
result, sand particles become further apart when it is re-submerged in water. The xanthan gum-
treated sand behaves differently in accordance with the xanthan gum density. In lower density
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Fig. 8 Schematic diagram of xanthan gum-treated sand (XG = xanthan gum)

conditions, xanthan gum particles, which are attached to the surface of sand particles, are dissolved
easily because a biofilm of lower density creates little attraction between the xanthan gum particles.
The dissolved xanthan gum particles become crushed, small crumbles, as a form of hydrogel, so
that the inter-particle bonding force originating from the hydrogel is relatively small.

In contrast, the inter-particle reaction caused by the hydrogel is more effective in the denser
condition because the xanthan gum particles dissolve gradually. The xanthan gum particles, which
have had an ionic bonding between particles in the biofilm, dissolve from the rim of the hydrogel.
However, the friction force between the hydrogel clusters diminishes as the xanthan gum content
increases because the xanthan gum hydrogel behaves like lubricants whose characteristic
originates from its pseudo-plasticity.
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5. Conclusions

The effects of xanthan gum as an environmentally friendly soil improvement material are
verified in this research, specifically in regards to the behavior according to the xanthan gum
hydrogel phase—initial, dry, and re-submerged conditions.

First of all, the dried xanthan gum-treated sand has a remarkably high peak shear strength (zpeax);
concurrently, its J-g, relationship presents lower dilatancy as the xanthan gum content is increased.
It imposes that the dried xanthan gum-treated sand behavior is affected by its rigidity, that is,
continuity of cementation materials. This can be explained by the biofilm which is formed when
the xanthan gum biopolymer is dehydrated and has a flexible characteristic, so that the ductile
behavior occurs. The inter-granular matrix of the xanthan gum-treated sand is effective when more
than 1.0% xanthan gum is treated. The comparative gypsum-treated sand shows brittle behavior;
therefore, it proves that its strain is not effective for shearing. Moreover, the peak strength (zpeax) Of
the 10% gypsum-treated sand is lower than the xanthan-treated sand regardless of the xanthan gum
content. It means that the gypsum treatment of 10% is not sufficient to improve soil strength
adequately. Furthermore, the crushed xanthan gum fragment has a role of ductility in contrast to
that of the gypsum which crumbles, and which is proven by brittle behavior, so that the peak
strength of the xanthan gum-treated sand is larger than that of the gypsum-treated sand.

The xanthan gum-treated sand behaves differently according to the xanthan gum hydrogel
phase variation. In the initial condition, the xanthan gum hydrogel forms a uniformly dissolved
matrix by hydrogen bonding. When the xanthan gum is thinner in the hydrogel, the inter-particle
reaction is dominant in contrast to that of the shearing band which is formed by the hydrogel. In
contrast, the shearing band force is superior in the case of the xanthan gum being dense. As a result,
the xanthan gum loosely dissolved sand—2.5% and 5.0%—shows peak behavior although residual
behavior in the highly dense xanthan gum-treated sand—210.0%. As the xanthan gum hydrogel is
highly concentrated, the peak cohesion increases, though the peak friction angle shows little
difference. It reveals that the xanthan gum-treated sand in the initial state, which is tested
immediately after mixing, is influenced not by its interlocking but by its viscosity, especially when
the xanthan gum concentration is larger than 2.5%. Furthermore, the xanthan gum hydrogel forms
a continuous matrix by hydrogen bonding. When the shearing force is applied, the gel is crushed
into crumbs and ionic bonding is caused by van der Waals interaction between the hydrogel
crumbs. Therefore, the cohesion is increased although the friction angle is unchanged, as the
Xanthan gum is denser.

When the dried xanthan gum-treated sand is re-submerged, the biopolymer treated sand shows
a unique behavior. Only in the case of 2.0% xanthan gum treatment is peak shear strength (zpeax) Of
the re-submerged condition higher than that of the initial condition. This can be explained by
gradual and incomplete swelling. It means that the biofilm has a strong ionic bonding; it is
partially dissolved when the biofilm is re-submerged into water and some of the xanthan gum
elements become detached when the treated xanthan gum is dense. Therefore, the viscous behavior
occurs in high density condition. In contrast, the friction angle decreases as the xanthan gum
content increases in both the peak state and the residual state because the swollen xanthan gum
hydrogel plays a role as a lubricant, i.e., pseudo-plasticity. Moreover, cohesion does not see a
difference between the peak state and the residual state because of structural disturbance which
originates from the non-uniform hydrogel structure. Meanwhile, the xanthan gum is dissolved in
an unlimited amount of water, so that the peak shear strength is lower than that of the initial
condition which contains a specific amount of water.
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Consequently, the xanthan gum has an improving effect when the content is more than 1.0%
regardless of the hydrogel phase. The biofilm which is formed by drying the xanthan gum-treated
sand shows remarkable improvement because of its flexible characteristic—its fragments as
ductile elements. The xanthan gum-treated sand in the initial state proves that the shearing
behavior is determined according to which mechanism is dominant—the interlocking effect or the
shearing band caused by the hydrogen bonding of the hydrogel. The xanthan gum-treated sand
behaves uniquely in the case of the re-submerged condition. Because of the gradual swelling,
viscous behavior is presented in the case of high xanthan gum concentration. Meanwhile, the
friction angle decreases as the xanthan gum content increases because the xanthan gum has a
pseudo-plastic characteristic.
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